The chemical composition of the lipophilic extractives from jute (Corchorus capsularis) fibers, which are used for high-quality paper pulp manufacturing, was thoroughly studied. The extractives content was low (0.4%), and its composition was studied by gas chromatography-mass spectrometry. For a better characterization of the different homologous series and compounds present in minor amounts, the extract was also fractionated by solid-phase extraction. The most predominant lipophilic compounds present in jute fibers were high molecular weight ester waxes (24% of total extract), followed by free fatty acids (17%), free fatty alcohols (17%) and ␣-hydroxyfatty acids (14%). Additionally, significant amounts of alkanes (6%), -hydroxyfatty acids (6%), sterols (6%), steroid and triterpenoid ketones (3%) and steryl glycosides (1%) were also identified, together with minor amounts of mono-and diglycerides.
Introduction
Jute (Corchorus capsularis) is an herbaceous annual plant from the Tiliaceae family, mostly grown in Southeast Asian countries. Jute fibers are separated from the bast or outer region of the stem after retting of the whole plant and are mainly used for the manufacture of cordage, carpets, bagging and wrapping materials, with an annual production of 2.65 million tons. In addition, jute fibers are a good source of different grades of paper pulp (Akhtaruzzaman and Shafi, 1995; Jahan, 2001) . With the increasing concern over forest destruction and the increasing demand of paper pulp, the importance of jute for this purpose may increase. There have been previous published studies describing the characteristics of jute fibers, including the content of their main organic fractions, particularly lignin and carbohydrates, and its behavior during pulping (Akhtaruzzaman and Shafi, 1995; Jahan, 2001; Jahan et al., 2007 Jahan et al., , 2008 . However, in order to maximize the exploitation of this fiber for paper pulp production, a more complete understanding of its chemistry is required.
In the present study, we report the chemical composition of lipophilic compounds from jute fibers, which up to our knowledge, has not been addressed before. It is well known that the content and composition of lipophilic compounds present in raw materials cause significant environmental and technical problems in the manufacturing of paper pulp (Back and Allen, 2000) . During pulping, lipids are released from the fibers forming colloidal pitch, which can deposit in either pulp or machinery causing production troubles and important economic losses (Hillis and Sumimoto, 1989; Back and Allen, 2000) . In the manufacture of alkaline pulps, a large part of the lipids originally present in the raw material is removed during the cooking and bleaching stages. However, some chemical species survive these processes and are found as pulp extractives (Gutiérrez et al., 2001a; Gutiérrez and del Río, 2003a; Bergelin and Holmbom, 2003; Freire et al., 2005 Freire et al., , 2006 , suspended in process waters (Gutiérrez et al., 2001b) or forming the so-called pitch deposits in circuits, equipments and final product (del Río et al., , 2000 Silvestre et al., 1999; Bergelin et al., 2005; Gutiérrez and del Río, 2005) . Pitch deposition is a serious problem in the pulp and paper industry since it is responsible for reduced production levels, higher equipment maintenance costs, higher operating costs and an increased incidence of defects in the final products (Back and Allen, 2000) . Moreover, such extractives might contribute to the toxicity of paper pulp effluents and products (Ali and Sreekrishnan, 2001; Christianson-Heiska et al., 2008) .
In this paper, the composition of the lipophilic compounds was carried out by gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) using short-and medium-length high-temperature capillary columns, respectively, with thin films, which enables the elution and analysis of intact high molecular weight lipids such as waxes or sterol glycosides . Additionally, and for a more detailed characterization of the different homologous series and other minor compounds, the extract was fractionated by a simple solid-phase extraction (SPE) method using aminopropylphase cartridges, as described previously .
Materials and methods

Sample
Jute (C. capsularis) fibers were supplied by CELESA pulp mill (Tortosa, Spain). Jute fibers were air-dried. The dried samples were milled using a knife mill (Janke and Kunkel, Analysenmühle), and successively extracted with acetone in a Soxhlet apparatus for 8 h and hot water (3 h at 100 • C). The acetone extracts were evaporated to dryness, and resuspended in chloroform for chromatographic analysis of the lipophilic fraction. Two replicates were used for each sample.
Solid-phase extraction (SPE) fractionation
The lipid extracts were fractionated by a SPE procedure using aminopropyl-phase cartridges (500 mg) from Waters Division of Millipore (Mildford, MA, USA), as already described . Briefly, the dried chloroform extracts were taken up in a minimal volume (<0.5 mL) of hexane:chloroform (4:1) and loaded into the cartridge column previously conditioned with hexane (4 mL). The cartridge was loaded and eluted by gravity. The column was first eluted with 8 mL of hexane and subsequently with 10 mL of chloroform and finally with 10 mL of diethyl ether:acetic acid (98:2). Each isolated fraction was dried under nitrogen and analyzed by GC and GC-MS. Fig. 1 . GC-MS chromatogram of the underivatized lipid extracts from jute (C. capsularis) fibers. F(n): n-fatty acid series; Ak(n): n-alkane series; Ah(n): n-fatty alcohol series; W(n): high molecular weight ester wax series; n denotes the total carbon atom number. Other compounds reflected are: (1) trans-coniferyl alcohol; (2) transsinapyl alcohol; (3) stigmasta-3,5,7-triene; (4) campesterol; (5) stigmasterol; (6) isomultiflorenone; (7) sitosterol; (8 and 9) unidentified triterpenoid compounds with epoxydammarane-type structure.
GC and GC-MS analyses
An HP 5890 gas chromatograph (Hewlett Packard, Hoofddorp, Netherlands) equipped with a split-splitless injector and a flame ionization detector (FID) was used for GC analyses. The injector and the detector temperatures were set at 300 • C and 350 • C respectively. Samples were injected in the splitless mode. Helium was used as the carrier gas. The capillary column used was a high-temperature, polyimide coated fused silica tubing DB5-HT (5 m × 0.25 mm I.D., 0.1 m film thickness; J&W Scientific). The oven was temperature-programmed from 100 • C (1 min) to 350 • C (3 min) at 15 • C min −1 . Peaks were quantified by area, and a mixture of standards (octadecane, palmitic acid, sitosterol, cholesteryl oleate, and sitosteryl 3␤-d-glucopyranoside) was used to elaborate calibration curves. The data from the two replicates were averaged.
The GC-MS analysis were performed on a Varian Star 3400 gas chromatograph (Varian, Walnut Creek, CA) coupled with an iontrap detector (Varian Saturn) equipped with a high-temperature capillary column (DB-5HT, 15 m × 0.25 mm i.d., 0.1 m film thickness; J&W Scientific). Helium was used as carrier gas at a rate of 2 mL/min. The oven was heated from 120 • C (1 min) to Fig. 2 . GC-MS chromatograms of the different SPE fractions isolated from the extracts of jute fibers. (a) Fraction A, eluted with 8 mL of hexane; (b) fraction B, eluted with 10 mL of chloroform; and (c) fraction C, eluted with 10 mL diethyl ether:acetic acid (98:2). F(n): n-fatty acids series; Ak(n): n-alkane series; Ah(n): n-fatty alcohol series; W(n): high molecular weight ester wax series; n: denotes the total carbon atom number. Other compounds are: (4) campesterol; (5) stigmasterol; (6) isomultiflorenone; (7) sitosterol; (8 and 9) unidentified triterpenoid compounds with epoxydammarane-type structure. 
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• C (5 min) at 10 • C/min. The temperature of the injector during the injection was 120 • C, and 0.1 min after injection was programmed to 380 • C at a rate of 200 • C/min and held for 10 min. The temperature of the transfer line was set at 300 • C. Bis(trimethylsilyl)trifluoroacetamide (BSTFA) silylation were used where required. Compounds were identified by comparing their mass spectra with mass spectra in the Wiley and NIST libraries, by mass fragmentography and, when possible, by comparison with authentic standards.
Results and discussion
The total acetone extractives of jute fibers accounts for 0.4% of dry material. This content is similar to that found in other nonwood fibers (i.e. flax, hemp, kenaf, sisal, abaca or giant reed) commonly used for papermaking (Gutiérrez and del Río, 2003a; Gutiérrez et al., , 2008 del Río and Gutiérrez, 2006; Coelho et al., 2007) .
The underivatized and silylated lipophilic extracts from jute fibers were analyzed by GC and GC-MS using short-and mediumlength high-temperature capillary columns, respectively, with thin films, according to the method previously described . The GC-MS chromatogram of the underivatized lipid extracts from jute fibers is shown in Fig. 1 . For a better characterization of the compounds present in the total extracts of jute fibers, the extracts were also subjected to a SPE fractionation according to the method developed by Gutiérrez et al. (1998) . The chromatograms of the different SPE fractions are shown in Fig. 2 . The first fraction (A), eluted with hexane, was enriched in hydrocarbons, ester waxes and triterpenoids and steroid ketones. The second fraction (B), eluted with chloroform, contained sterols, fatty alcohols and mono-and diglycerides. The final fraction (C), eluted with diethyl ether-acetic acid (98:2), was enriched in free fatty acids. The identities and abundances of the main lipophilic compounds identified among the jute lipophilic extractives are detailed in Table 1 .
The most predominant lipophilic compounds present in jute fibers were series of high molecular weight ester waxes (24% of total identified compounds), followed by series of free fatty acids (17%), free fatty alcohols (17%) and ␣-hydroxyfatty acids (14%). Additionally, lower amounts of other aliphatic series such as n-alkanes (6%) and -hydroxyfatty acids (6%), were also found. Steroid and triterpenoid compounds were also present among jute lipophilic extracts, together with minor amounts of tocopherols as well as mono-and diglycerides. The structures of the main lipophilic compounds present in jute fibers are depicted in Fig. 3 and the distributions of the main aliphatic series present in jute fibers are represented in the histograms of Fig. 4 .
High molecular weight ester waxes (formed by long-chain fatty acids esterified to long-chain fatty alcohols) were found in a high abundance (181.2 mg/kg) among the jute extracts. High molecular weight ester waxes are also prominent among the extracts of other bast fibers, such as flax, hemp or kenaf (Gutiérrez and del Río, 2003a,b; Gutiérrez et al., 2006) . They were present in the range from C 42 to C 58 , with a strong even-over-odd carbon atom predominance and the C 48 , C 50 , C 52 , C 54 and C 56 homologues being the most abundant. Waxes with unsaturated fatty acids could not be detected, despite the relatively high amount of oleic acid being present in free form, as shown below. Each chromatographic ester peak consisted of a complex mixture of different long-chain fatty acids esterified to different long-chain fatty alcohols that coelute together in the same peak. The identification and quantitation of the individual long-chain esters present in each chromatographic peak was accomplished based on the mass spectra of the peaks. Fig. 5 shows the mass spectrum of the chromatographic peak corresponding to the long-chain ester wax C 44 . The mass spectra of long-chain esters are characterized by a base peak produced by a rearrangement process involving the transfer of 2 H atoms from the alcohol chain to the acid chain giving a protonated acid ion (Sharkey et al., 1959; Moldovan et al., 2002) . The fragments at m/z 229, 257, 285, 313 and 341 of the mass spectra in Fig. 5 correspond therefore to protonated tetradecanoic, hexadecanoic, octadecanoic, eicosanoic and docosanoic acids, respectively. Therefore, this mass fragment gives information about the number of carbon atoms in the acid moiety whereas the molecular ion (M + 648 in this particular case) gives information on the total number of carbon atoms in the ester (a C 44 ester in this particular case), being then possible to determine the individual contribution of esters to every chromatographic peak by mass spectrometry. Quantitation of individual esters was accomplished by integration of the areas of the chromatographic profiles of the characteristic ions for the acidic moiety. A detailed structural characterization of the high molecular weight ester waxes present in the extracts of jute fibers is shown in Table 2 . The distribution of the series of esterified fatty acids and fatty alcohols is shown in Fig. 4 . The esterified fatty acids ranged from C 14 to C 30 and the esterified fatty alcohols ranged from C 16 to C 40 . The acid moiety of the waxes was exclusively constituted by saturated fatty acids with a very strong predominance of the even carbon atom number homologues. Among these, the most predominant one was hexadecanoic (C 16 ) acid followed by docosanoic (C 22 ) and tetracosanoic (C 24 ) acids. Among the alcohol moiety of the high molecular weigh ester waxes, the most predominant was dotriacontanol (C 32 ) followed by tetratriacontanol (C 34 ) and triacontanol (C 30 ). Therefore, the predominant ester wax found among the jute lipophilic extracts was C 48 (31.4 mg/kg), which is mostly constituted by hexadecanoic acid (C 16 ) esterified to dotriacontanol (C 32 ) (structure I in Fig. 3 ), followed by ester wax C 50 (30.2 mg/kg), mostly constituted by hexadecanoic acid (C 16 ) esterified to tetratriacontanol (C 34 ), ester wax C 56 (27.0 mg/kg), mostly constituted by tetracosanoic acid (C 24 ) esterified to dotriacontanol (C 32 ), and by ester wax C 54 (26.5 mg/kg), mostly constituted by docosanoic acid (C 22 ) esterified to dotriacontanol (C 32 ), as detailed in Table 2 . Free fatty acids were the second most important class of lipophilic compounds identified in jute extracts (130.2 mg/kg), ranging from tetradecanoic (C 14 ) to tetratriacontanoic (C 34 ) acids, with a strong even-over-odd carbon atom predominance. Hexadecanoic (palmitic, III) and 9-octadecenoic (oleic, IV) acids were the most abundant, followed by octadecanoic (stearic, C 18 ) and docosanoic (C 22 ) acids. Relatively high amounts of ␣-hydroxyfatty acids (102.8 mg/kg), ranging from C 23 to C 25 with C 24 (V) as the most abundant, and -hydroxyfatty acids (34.5 mg/kg) ranging from C 22 to C 24 (VI), the latest being the most abundant, were also identified. Series of ␣-hydroxyfatty acids have been reported previously in both bast (i.e. flax, hemp, kenaf) and leaf (i.e. sisal, abaca, curaua) fibers (Gutiérrez and del Río, 2003a; Gutiérrez et al., 2004 Gutiérrez et al., , 2006 Gutiérrez et al., , 2008 del Río and Gutiérrez, 2006; Marques et al., 2007) . However, -hydroxyfatty acids have only been detected in leaf fibers Gutiérrez et al., 2008; Marques et al., 2007) , and this is the first report of the presence of these compounds in a bast fiber.
Series of n-fatty alcohols were present in the jute extracts in important amounts (127.0 mg/kg), ranging from C 16 to C 40 and with the presence of exclusively the even carbon atom numbered homologues. Dotriacontanol (C 32 , VII) was the most abundant homologue. Interestingly, the distribution of the series of free fatty alcohols parallels the distribution of the series of esterified fatty alcohols in the long-chain ester waxes, as also observed in the ester wax series present in other bast fibers such as flax, hemp or kenaf (Gutiérrez and del Río, 2003a,b; Gutiérrez et al., 2004 Gutiérrez et al., , 2006 . A series of n-alkanes was also identified among the extracts of jute fibers (48.5 mg/kg) ranging from heptacosane (C 27 ) to pentatriacontane (C 35 ) with a strong odd-over-even carbon atom number predominance, tritriacontane (C 33 , II) being the most predominant. Finally, other aliphatic series present in smaller amounts are monoglycerides (7.5 mg/kg) and diglycerides (13.5 mg/kg), although triglycerides could not be found in jute extracts.
Sterols were also present in significant amounts (43.4 mg/kg) among the lipophilic extracts of jute fibers. Sitosterol (XI) was the most abundant among the free sterols, followed by stigmasterol (X) and campesterol (IX), with minor amounts of stigmastanol, 7-oxocampesterol and 7-oxositosterol. Steryl glycosides, such as campesteryl, stigmasteryl and sitosteryl 3␤-d-glucopyranosides (XII) were also identified although in minor amounts (8.4 mg/kg), the latter being the most predominant. The identification of steryl glycosides was accomplished (after BSTFA derivatization of the lipid extract) by comparison with the mass spectra and relative retention times of authentic standards (Gutiérrez and del Río, 2001) .
Steroid hydrocarbons (ergosta-3,5,7-triene, XIII, stigmastatetraene, stigmasta-3,5,7-triene and stigmasta-3,5-diene) and steroid ketones (stigmasta-3,5-dien-7-one, XIV and stigmast-4-en-3-one, XV) were also present. Several triterpenoid ketones were also identified, the most abundant being isomultiflorenone (D:C friedoolean-8-en-3-one) with minor amounts of bauerenone (D:C friedours-7-en-3-one) and ␤-amyrenone. The identification of the bauerenone and ␤-amyrenone was accomplished after SPE fractionation due to their low abundance and coelution with other major lipids. The mass spectra of the triterpenoid ketones present in jute fiber extracts (shown in Fig. 6 ) are similar to those reported in the literature (Budzikiewicz et al., 1963; Talapatra et al., 1968) .
Finally, two compounds (peaks 8 and 9 in Figs. 1 and 2), with similar and characteristic mass spectra (Fig. 7) , were also detected in important amounts among the jute lipophilic extracts. These compounds coelute very closely and were concentrated in the SPE B fraction, where alcohols and sterols concentrate, indicating the possible presence of hydroxyl groups in their structure. The mass spectra of both compounds are characterized by a base peak at m/z 143, which is indicative of the presence of a hydroxypropyltetrahydrofuran side-chain (Fig. 7c) , and are similar to the mass spectrum of the epoxy-dammarane triterpene capsugenin, a triterpenoid with a hydroxypropyltetrahydrofuran side-chain (Fig. 7d) , previously identified in the extracts of jute leaves (Hasan et al., 1984; Quader and Ahmed, 1987; Quader et al., 1990) . The molecular weight of these compounds could not be determined despite they were subjected to different derivatizations, although the fragments at m/z 444 and m/z 442 seem to correspond to a loss of water [M−18] + . The mass spectrum reported for capsugenin is very similar to the mass spectra of unknown compounds 8 and 9, with the same base peak at m/z 143 and a similar fragmentation profile. Therefore, these unknown compounds 8 and 9 seem to be structurally related to capsugenin.
We have reported the detailed chemical composition of the lipophilic extractives present in jute fibers. The knowledge of the chemical composition of lipophilic components of jute fiber will assist to predict and control the eventual pitch problems that may occur during pulping and bleaching and to establish appropriate methods and strategies for their control. In general terms, the lipids present in jute fibers can be classified into two principal groups, namely fatty acids (including ␣-and -hydroxyfatty acids) and neutral components, including wax esters, long-chain n-fatty alcohols, alkanes, and steroids and triterpenoids. The differ- ent lipid classes have different behavior during cooking. The wax esters, which are the most abundant lipophilic compounds in jute fibers, are hydrolyzed during alkaline cooking and the fatty acids are dissolved. At sufficiently high pH (as in alkaline pulping), the acids dissociate and form fatty acid soaps and can thus dissolve in water to quite a high extent. On the other hand, alkanes, fatty alcohols, sterols and triterpenols, steroid hydrocarbons and ketones, and steryl glycosides do not form soluble soaps under the alkaline pulping conditions and therefore survive cooking and can be found intact in the pulp. These compounds have a very low solubility in water and are difficult to remove, and therefore can be at the origin of pitch deposition. The low amounts of these neutral compounds in jute fibers, and particularly the low abundances of free and conjugated sterols, which have a high propensity to form pitch deposits (del Río et al., , 2000 Gutiérrez and del Río, 2001 ) would point to a low pitch deposition tendency of the lipophilics from jute fibers. On the other hand, fatty acid soaps are effective solubilizing agents facilitating the removal from pulp of sparingly soluble neutral substances. The ratio of saponifiables-to-unsaponifiables has been suggested to be a better index for predicting pitch problems than the total amount of lipids (Back and Allen, 2000) . In fact, the higher abundances of unsaponifiable compounds (neutrals) with respect to the saponifiable ones are the main cause for pitch problems during pulping of some woods, such as aspen or eucalypt (Chen et al., 1995; del Río et al., 1998 del Río et al., , 2000 . In jute fibers the content of free fatty acids (including ␣-and -hydroxyfatty acids) is high (around 33% of total lipids), and therefore the fatty acid soaps formed during the cooking may possess sufficient micellar-forming properties to carry the less polar compounds into solution. (20,24-epoxy-3,12,25,30-tetrahydroxydammarane) .
